Abstract-IQD, a distributed coordination function (DCF) with integrated quality of service (QoS) differentiation, is proposed in this letter to enhance QoS over IEEE 802.11 WLAN. DCF does not support any QoS differentiation. Enhanced DCF (EDCF) only supports delay differentiation. IQD can achieve both delay and packetloss-rate differentiation by differentiating the initial window size and the retry limit. Simulation results show that IQD performs better than DCF and EDCF in enhancing QoS, and the proposed analytical model is valid.
Enhancement of QoS Differentiation
. However, it is unsuitable for real-time applications. IEEE 802.11e working group is working on an enhanced DCF (EDCF) to support QoS requirements of different applications over WLAN. One possible solution is to provide a good priority scheme by differentiating the initial window size, the window-increasing factor, the maximum backoff stage or the inter-frame space, thereby achieving QoS differentiation [2] , [3] . Real-time applications have strict delay requirements, but are not very sensitive to loss and loss rate of 1% is acceptable in most cases. Best-effort applications are sensitive to loss, but may tolerate large delay. However, [2], [3] only consider the requirements on delay. It would be very desirable if WLAN could provide a way to achieve the integrated QoS differentiation including both delay and packet-loss-rate differentiation. In this letter, IQD, an integrated QoS differentiation, is proposed by differentiating the initial backoff window size and retry limits.
II. IQD DESCRIPTION
In IQD, different traffic classes are allowed to have different control parameters, such as the initial window size, the windowincreasing factor, the maximum backoff stage, the inter-frame space and the retry limit. The first four parameters are the major factors affecting delay. For simplicity, only the initial window size is considered in this letter. The retry limit, the maximum number of allowable retransmissions of the packet, is the major factor affecting the packet loss rate. First, services are graded into grades according to delay differentiation. Assuming , we have where and are the initial window size of -th and -th grades, respectively. Second, services are graded into grades according to packet-loss-rate differentiation. Assuming , we have where and are the retry limit of -th and th grades. As delay and packet-loss-rate differentiation are independent, the total number of grades is .
III. PERFORMANCE ANALYSIS
A. Throughput 
Here, is called as the maximum backoff stage. Let be the stationary distribution of the chain. By analyzing the chain in the similar way proposed in [4] , we may get all the values . The transmission probability that a node transmits in a randomly chosen slot is (2) Suppose the number of nodes in -th grade is . The collision probability is (3) By solving the (2) and (3), the values of and can be found.
Consider the contention process of all nodes. The probability that at least one node at the -th grade transmits in a given slot is (4) 1089-7798/04$20.00 © 2004 IEEE The probability that exactly one node at the th grade transmits on the channel, conditioned on the fact that at least one node transmits, may be expressed as (5) A slot may have three states. First, it is empty with probability , whose average time is . Second, it contains a successful transmission of frame with probability , whose average time is . Finally, it contains a collision with probability , whose average time is . So the average length of a slot is . , and are defined in [4] . Let the average payload of data frame at the -th stage be . Thus, the normalized system throughput may be expressed as (6)
B. Packet Loss Rate
Normally, if a frame collides with others, it will be retransmitted. However, when the retransmission time reaches the retry limit, the frame will be discarded. Thus, the drop rate of frames at the -th stage may be (7)
The packet loss rate is dependent on its QoS grade. As , the larger is, the smaller the packet loss rate is.
C. Average Delay
According to Fig. 1 , the probability that the node transmits the frame at the -th backoff stage is (8) And its delay is (9) In fact, during the backoff process, other users may get the priority to transmit their frames. That is to say, the backoff process may be interrupted. Hence, the (9) should be modified as (10) Hence, the average delay of frames at the th QoS stage is (11) 
IV. SIMULATION ANALYSIS
To validate IQD performance, the following simulations are made. The values of the parameters used to obtain numerical results for both the analytical model and simulations, are specified in IEEE 802.11b [5] . It is assumed as an ideal channel with none hidden terminals and capture. For simplicity, assume that traffic is classified into two priority classes. In DCF, the initial window size of both two classes is 32. In EDCF and IQD, the initial window size of the class 1 is 32 and that of the class 2 is 64. In both DCF and EDCF, the retry limit of both two classes is 7. In IQD, the retry limit of the class 1 is 7 and that of the class 2 is 9. Assume each node always has packet ready to send. The number of nodes in the class 1 is equal to that in the class 2.
Figs. 2-5 show system throughput, throughput of traffic class 1 and 2, delay and packet loss rate. We may see that the simulation results are close to the analysis results. It implies that the proposed analytical model is valid.
In Figs. 2 and 3 , DCF, EDCF and IQD have almost the same system throughput, but the throughput of class 1 is higher than that of class 2 in EDCF and IQD. That is to say, based on QoS differentiation, traffic class 1 has a higher priority and can borrow part of bandwidth from class 2. In DCF, the two classes have the same priority. In Fig. 4 , all classes in DCF have the same delay, which implies that DCF does not support delay differentiation. In EDCF and IQD, the class 1 has a much lower delay than the class 2, which implies that EDCF and IQD support delay differentiation. In addition, the less the minimum contention window is, the less the delay is.
In Fig. 5 , all classes in DCF and EDCF have the same packet loss rate, which implies that both DCF and EDCF do not support packet-loss-rate differentiation. In IQD, packet loss rate of class 1 is higher than that of class 2, which implies that IQD supports packet-loss-rate. In addition, the more the retry limit is, the less the packet loss rate is.
In a word, DCF does not support any differentiation, and EDCF only supports delay differentiation, and IQD supports both delay and packet-loss-rate differentiation. 
V. CONCLUSION
IQD, a DCF with integrated QoS differentiation, is proposed to enhance QoS over WLAN. Different applications have different requirements on delay and packet loss rate. IQD can achieve both delay and packet-loss-rate differentiation by differentiating the initial window size and the retry limit. Simulation results show that IQD is better than DCF and EDCF in QoS, and that the proposed analytical model is accurate in computing throughput, packet loss rate and delay.
